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FLIGHT- TEST ANALYSIS OF APOLLO HEAT-SHIELD MATERIAL 
USING THE PACEMAKER VEHICLE SYSTEM 

By Randolph A. Graves, Jr., and William G. Witte 
Langley Research Center 

SUMMARY 

The Apollo heat- shield material was flight tested on the hemispherically blunted 
nose cap of a Pacemaker vehicle. Ablation and temperature data were obtained at the 
stagnation point and at the 22.5°, 45°, and 67.5° stations. Maximum pressures at these 
locations were 8.4, 6.7, 4.1, and 1.7, atmospheres, respectively. (1 atm = 101 325 N/m2.) 
Recession rates at the 22.5°, 45°, and 67.5° stations were greater than predicted, and 
this result is attributed to the high levels of turbulent aerodynamic shear, which exceeded 
the threshold shear sensitivity of this material. Unequal absorption of the surface sealer 
into the porous heat- shield material modified its behavior and introduced uncertainties in 
the analysis during the early portions of the data period. 

INTRODUCTION 

Langley Research Center is engaged in a long-range study of heat- shield materials 
for the purpose of developing materials for specific applications and also to develop ana- 
lytical models that will adequately predict ablation performance. The Pacemaker project 
is a research program within this long-range study. The environment produced by the 
present Pacemaker launch vehicle is such that flight levels of heating rate, enthalpy, and 
pressure are within the ranges attainable in existing ground facilities. This feature nar- 
rows the gap between ground- test environment and flight environment, and thereby makes 
possible an early evaluation of predictions of ablator performance based on tests in 
ground facilities. 

At present, there is a great interest in developing low-density heat- shield materials 
for spacecraft reentry. These materials have been shown to provide good thermal- 
protection systems. A low- density material of particular interest at present is the Apollo 
heat- shield material, Avcoat 5026-39/HC-G. A series of tests in ground facilities indi- 
cated that the performance of this material deteriorates at pressures above atmospheric 
levels. The R-4 flight- test results in reference 1 seemed to confirm this relationship 
between rapid erosion and high pressures. The present paper reports the results of a 
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flight test of the material on the nose cap of a Pacemaker vehicle and reexamines the 
pressure- erosion relationship in the light of new evidence concerning the effects of shear. 

SYMBOLS 

A frequency factor, 1/ sec 

Cf skin-friction coefficient 

E activation energy, Btu/mol (joules/mole) 

Fc weight fraction of free carbon in char 

G constant in diffusion- limited oxidation equation 

H heat-transfer coefficient, lbm/ft 2 -sec (kilograms/meter 2 - second) 

h enthalpy, Btu/lbm (joules/kilogram) 

Ko oxygen mass fraction 

Mq molecular weight of carbon 

Mq molecular weight of oxygen 

m mass-loss rate, lbm/ft2-sec (kilograms/meter 2 - second) 

N order of reaction 

Np r Prandtl number 

N Re Reynolds number 

p pressure, lbf/ft 2 (newtons/meter 2 ) 

q heating rate, Btu/ft 2 -sec (watts/meter 2 ) 

R universal gas constant, Btu/mol- °R (joules/mole-°K) 
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R e ff effective nose radius, ft (meters) 

s recession rate of ablator surface, ft/sec (meters/second) 

T absolute temperature, °R (°K) 

U velocity, ft/sec (meters/second) 

V volume, ft® (meters®) 

W weight, lbm (kilograms) 

T) v recovery factor 

ju viscosity, lbm/ft-sec (newtons second/meter2) 

p density, lbm/ft® (kilograms/meter®) 

r aerodynamic shear, lbf/ft2 (newtons/meter2) 

i// convective blocking function 

Subscripts: 

c combustion 

cw cold wall 

DL diffusion limited 

e local (edge of boundary layer) 

H2O water 

RL rate limited 

s stagnation 

se sealer 



t 


total 


vp porous ablator 

vp,se porous ablator with absorbed sealer 

w wall 

Superscript: 

* reference condition 

MODEL AND INSTRUMENTATION 

The model (fig. 1) was a hemispherically blunted 10° cone with a cylindrical after- 
body. The entire model was covered with Avcoat 5026-39/HC-G. However, only the nose 
cap was instrumented. Figure 2 shows the locations of the ablation sensors and thermo- 
couples in the nose cap. Reference 2 gives a detailed description of the design and fabri- 
cation of the model. 

A nine- channel telemeter was housed in the section aft of the model. The telemeter 
transmitted four channels of acceleration data, four channels of ablation data, and one 
channel of temperature data. The four acceleration- data channels provided continuous 
data from four accelerometers. Two accelerometers provided thrust and drag measure- 
ments, while two others provided measurements of the transverse accelerations. 

The four ablation- data channels and the one temperature- data channel were com- 
mutated at a rate of approximately six times per second. This permitted a total of 
48 ablation measurements plus commutated data from 11 thermocouples. The 48 ablation 
measurements were made with 32 make-wire sensors arranged in four eight-element 
assemblies, eight light-pipe sensors in two four-element assemblies, and eight spring- 
wire sensors in two four- element assemblies. A complete description of the ablation 
sensors and their operation can be found in reference 3. The thermocouples were 
chromel-alumel and were of the same design as those in reference 4. In addition to the 
nose-cap thermocouples, one other thermocouple was located internally on the bulkhead 
as shown in figure 1. 


LAUNCH VEHICLE AND OPERATIONS 

The propulsion system of the Pacemaker launch vehicle consists of four stages of 
solid-propellant rocket motors: Honest John, Nike, TX-77, and Recruit. Reference 5 
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contains a description of the system. A photograph of the Pacemaker vehicle and model 
in launch position is shown in figure 3. The vehicle was launched October 15, 1965, from 
the NASA Wallops Island launch facility. It was launched at an elevation angle of 77° on 
an azimuth of 110°. A plot of the flight trajectory is shown in figure 4. The sequence of 
trajectory events is also indicated in figure 4 and shown in greater detail in table I. 

The variations of flight velocity and altitude as determined from radar tracking data 
are shown in figure 5. Two C-band beacons on the payload facilitated tracking. A 
rawinsonde launched prior to flight measured ambient pressure and temperature. These 
measured values were within 3 percent of corresponding values in the U.S. Standard 
Atmosphere (ref. 6). 


HEATING ANALYSIS 


The resultant angle of attack of the model during reentry was computed from the 
normal and transverse accelerations, the reentry trajectory, and the model configuration 
and aerodynamic characteristics. These computations indicate that the model was flying 
in an angle-of-attack envelope of ±3°. Since this angle- of- attack envelope is relatively 
small, the local flow and heating conditions are based on a zero angle of attack. 

The heating rates at the off- stagnation locations were calculated for turbulent flow 
because previously recovered Pacemaker flight models (ref. 5) have surface recessions 
that indicate turbulent flow conditions for the flights. Reference 7 presents results of 
ground tests which also indicate that transitional and turbulent flow are probable at these 
flight conditions. 


The heating rates for locations away from the stagnation point are calculated by 
Eckert's reference- enthalpy method as outlined in reference 8, where 


U e 2 


h* = 0.5h e + 0.5h w + 0.22r7 r -y- 


( 1 ) 


and r/ r = 0.892 for turbulent flow. This local enthalpy and local pressure are used to 
determine all other reference thermodynamic properties. The local heat-transfer coef- 
ficients as functions of a skin-friction factor are calculated by using Reynolds' analogy 
and a Stanton number based on the enthalpy difference, as in reference 9, so that 


H = 


C f pU 

2N Pr 2/3 


( 2 ) 


The turbulent incompressible skin-friction factor is given by the Schultz-Grunow 
relationship, as in reference 10, as 
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0.370 


( 3 ) 


(logjo N Re ) 2 - 584 


In Eckert's reference- enthalpy method (ref. 8), the effects of compressibility can be 
accounted for by introducing the property values at the reference condition. Thus the 
turbulent heat-transfer coefficient is 


0.185p*U e 

Np r 2 / 3 (log 10 N Re *) 2 - 584 


(4) 


The calculated turbulent heating rates are for flat plates with locally constant pres- 
sure and temperature. Nevertheless, these expressions can be used in regions of strong 
pressure and temperature gradients. This is demonstrated in reference 11, which shows 
good correlation between calculations made by this method and flight-test results for axi- 
symmetric blunt bodies. Turbulent aerodynamic shears were obtained by use of 


T W ~ 9 


(5) 


where the incompressible skin-friction coefficient is obtained from flow properties at 
reference conditions, as in reference 8. 


The stagnation heating calculations were based on the initial hemispherical nose 
radius and the transport properties of reference 12. The method used to calculate the 
heating is that of reference 13, presented here in the nomenclature of the present paper: 


H 


0.767 (p s |X s ) 0 - 4 W w )°- 07 / 2 P s ' 


R 


eff 


P.5 n _ 0.6 


Pr 



0.25 


( 6 ) 


where 



and the cold-wall heating is defined as 


(7) 


q 


cw 


= Hh t 


( 8 ) 


The laminar heating rates for the 22.5°, 45°, and 67.5° stations were computed 
manually by using the ratios of local to stagnation heat-transfer rate presented in 
reference 14. 


The results of the heat-transfer calculations are presented in figure 6 for the stag- 
nation point and for the local stations with both laminar and turbulent flow. The local 
Reynolds number based on wetted distance from the stagnation point is presented in fig- 
ure 7 for the 22.5°, 45°, and 67.5° stations, while the turbulent shear computations for 
these stations are presented in figure 8. 
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It should be noted that the computations presented here are for a hemispherical 
nose cap. However, during the flight, surface recession was unequal across the nose cap. 
Therefore, these computations are applicable with certainty only until some time less 
than halfway through the data period. 

ABLATION ANALYSIS 


The ablation predictions were made with the aid of a computer program derived 
from the one described in reference 15. The program treats ablation as a one- 
dimensional transient heat- conduction problem with internal decomposition. The sur- 
face recession can be specified in several manners, but for this analysis only surface 
recession due to char oxidation was considered. Briefly, the equations governing the 
char-layer oxidation are: 

In the rate- controlled regime, 


m. 


= _ANc k N c / AE\ 
x c,RL Fc Pe °> e P (rT w ) 

where the rate constants used for the oxidation of Avcoat 5026-39/HC-G are 

A = 1.74 x 10 5 per second 

No = 1 


— = 32 800° R (18 222° K) 
R 


and 


F C = 

In the diffusion- controlled regime, 


_ ^(carbon in char) 
^(char) 


where 


m c,DL “ GK 0,e^ H 
M, 


G = 


l C 1 


M 0 F C 

The total char loss is obtained from 

(1 _\ 1/Nc _ / i + f t 

(ymcj \“c,RL/ \“c,DL/ 


( 9 ) 


( 10 ) 


(ID 
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( 12 ) 


The surface recession is obtained from the total char mass-loss rate by 


^(char) 

MATERIAL DESCRIPTION 

Avcoat 5026-39/HC-G is an epoxy novolac resin with special additives in a fiber- 
glass honeycomb matrix. In fabrication, the empty honeycomb is bonded to the primary 
structure and the resin is gunned into each cell individually. Reference 2 contains a 
description of the material fabrication. The overall density of the material is 32 lb/ft^ 
(512 kg/m3). 

The char of the material is composed mainly of silica and carbon. It is necessary 
to know the amounts of each in the char because in the ablation analysis the silica is con- 
sidered to be inert, but the carbon is considered to enter into exothermic reactions with 
oxygen. The char was obtained by a thermogravimetric analysis. The results are shown 
in figure 9, where the percentage of weight remaining is plotted as a function of tempera- 
ture for a heat rise of the material of 39.6° R (22° K) per minute. At 2160° R (1200° K), 
54 percent by weight of the virgin material has volatilized and 46 percent has remained 
as char. 

Since the calculated surface temperatures exceeded 2160° R (1200° K) during the 
flight, a 46-percent char yield was used to determine a char density of 14.7 lb/ft3 
(238 kg/m^). In the virgin material, 25 percent by weight is silica, and since the silica 
is considered to be inert the char-layer composition becomes 6.7 lb/ft^ (107.4 kg/m3) of 
carbon and 8 lb/ft^ (128.1 kg/m3) of silica. 

During the reduction of the flight data it became apparent that the ablator performed 
much better in the early portions of the data period than had been predicted by either 
laminar or turbulent theory. In an attempt to explain this behavior, several samples of 
the virgin material were cored from the flight backup model, which had been fabricated 
in the same manner as the flight model. Microscopic examination of the cores revealed 
that surface sealer had penetrated into the porous ablator. Penetration depths varied 
from 0.0 in some locations to 0.1 inch (2.54 mm) in other locations. The nature of the 
sealer and the method of application were examined and it was ascertained that some of 
the inherent properties of the sealer, as well as the method of application, would not lead 
to either uniform penetration of the sealer or to consistent penetration in the flight and 
backup models. These inconsistencies made it impossible to specify a definite depth of 
penetration of the sealer into the ablator on the flight model. 

The density changes of the material and char due to the absorption of sealer were 
analyzed. (See appendix.) The density of the virgin material with absorbed sealer was 
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47.2 lb/ft^ (756.0 kg/m3). The carbon char yield for this resin system was approxi- 
mately 27.5 percent so that the carbon density in the char was 10.75 lb/fU* (172.2 kg/ m3) . 
These values were used in the initial data portions of the ablation analysis. 

RESULTS AND DISCUSSION 

The ablation and thermocouple results (event times) obtained during the flight are 
presented in tables n and in. All the ablation sensors were activated. Figure 10 shows 
the plotted results for the stagnation point and for the 22.5°, 45°, and 67.5° stations. The 
spring-wire and light-pipe sensors measure surface recession. The make-wire sensors 
normally measure char interface recession. But, as pointed out in reference 3, in severe 
environments where a thick char is unable to form, make-wire sensors for all practical 
purposes measure surface recession. Ground tests indicate that at the high shear levels 
and heating rates of the present test a mature char does not form on Avcoat 5026-39/HC-G. 
Therefore, all the sensors were interpreted as measuring surface recession. 

During the data period, it is conjectured, the heat- shield material was removed so 
rapidly that a sharp temperature gradient existed near the surface of the material. There- 
fore, the thermocouples embedded in the material showed no responses until the surface 
receded to their locations. Then their responses, as indicated on the thermocouple traces, 
were either a deflection beyond the full-scale calibration signal, or hash indicating a 
broken junction. As a result, no temperature histories in the material were obtained. 
Rather, the instant when the trace indicated that the thermocouple measured surface or 
boundary-layer temperatures or went out of order was taken to be the time when the 
surface receded past the hot junction of the thermocouple. These data are given in 
table III and are also plotted in figure 10. 

The Avcoat 5026-39/HC-G, as will be developed in the following paragraphs, showed 
four ablation regimes: 

(1) A reduced rate of ablation due to the enhancement of the physical properties of 
the material by absorption of the surface sealer 

(2) What might be called an abnormally high rate of ablation at the stagnation point 
as compared with present calculations 

(3) An "accelerated" rate of ablation at the 22.5°, 45°, and 67.5° stations 

(4) A "catastrophic" rate of ablation at the 45° and 67.5° stations, for unknown 
reasons 

In figure 11 the ablation data for the three locations have been replotted along with 
oxidation-theory recession predictions computed with and without the effects of the absorp- 
tion of the surface sealer into the heat-shield material. Presented also in figure 11(a) is 
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the stagnation-point recession based on a correlation of high-pressure ground tests. 

This correlation shows slightly less recession than the corresponding oxidation theory. 

In figures 11(b) and (c) the replotted ablation data for the 45° and 67.5° stations are 
shown along with oxidation- theory predictions based on laminar heating and based on 
turbulent heating with and without sealer effects. The surface recession predicted for 
laminar heating was much less than the recession that actually occurred and also less 
than that predicted for turbulent heating. Even poorer agreement would have been real- 
ized if sealer effects had been used with laminar heating. Thus the turbulent- heating 
assumption made earlier gives surface recessions that are more in line with the flight 
data. When the sealer effects are included in the turbulent- heating assumption, correla- 
tion is obtained with the initial portions of the data. 

In figure 12 the flight data are compared with the most reasonable recession pre- 
dictions for the three locations. In figure 11 curves were faired through all the data for 
the stagnation point and through the main body of data points for the 45° and 67.5° sta- 
tions. The intersections of these curves with the prediction curves calculated by oxida- 
tion theory including sealer effects were assumed to be the points in time at which the 
sealer no longer affected the ablation results. Since the penetration of sealer was not 
necessarily uniform radially at these stations, these points in time are average values. 
The predictions of surface recession past these points were calculated with the original 
material densities. These predictions (shown in fig. 12) are in poor agreement with the 
flight data. 

If the remaining thicknesses of material at given times are taken from the curves 
faired through the data in figure 12, a sequence of surface outlines can be constructed as 
shown in figure 13. Ablation was assumed to be uniform radially at the stations of con- 
cern, so that the nose cap remained symmetrical about its axis of revolution. The 
dashed lines connecting the data points are based on the sequential changes of similar 
configurations tested in ground facilities. 

As shown in figure 13, considerably less ablation occurs at the stagnation point than 
at the other stations on the nose cap. This results in a smaller effective nose radius at 
the stagnation point and an increased stagnation-point heating rate. By the time of 
87.0 seconds, the computed stagnation- point heating rate shown in figure 6 is lower than 
the actual rate. This discrepancy partially explains why the predicted recession dis- 
tance at the stagnation point was less than the measured distance. However, a satis- 
factory means of correcting the stagnation- point heating was not ascertained. 

In figures 12(b) and (c) it can be seen that the surface recessions during the period 
of "accelerated" ablation vary consistently from the greatest recession at the 22.5° sta- 
tion to the least recession at the 67.5° station. The recession rates also vary consis- 
tently, being 0.235 in./sec (0.597 cm/sec), 0.224 in./sec (0.567 cm/sec), and 
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0.203 in./sec (0.516 cm/sec), at the 22.5°, 45°, and 67.5° stations, respectively, during 
this period. In figure 6 it is seen that the surface recessions also vary consistently with 
heating rate, but heating rate alone is not sufficient to cause the very large recessions. 
Unpublished ground-test results indicate that this material becomes shear sensitive at a 
shear level of approximately 15 lb/ft 2 (718.2 N/m^). The computed turbulent shear levels 
for these stations exceed this threshold sensitivity during the period of "accelerated" 
ablation. (See fig. 8.) The authors hypothesize that once the shear- sensitivity level is 
exceeded the ablator no longer has the protection of a mature char layer; that is, the sur- 
face is sheared off at or in the pyrolysis zone. Thus the recession rates would be largely 
determined by the pyrolysis rate of the virgin material. Since the pyrolysis rate is deter- 
mined by the rate of heat input, the recession rate of the virgin material in the absence of 
a char layer is a function of local heating. The consistent variation of recession with 
heating rate tends to support this hypothesis. 

The surface recessions for the off- stagnation locations also vary consistently with 
local pressure (see fig. 14), but this result is believed to be only coincidental. If pres- 
sure had been the important mechanism, the stagnation point would have had the largest 
recession since it had the greatest pressure level. 

The final portions of the faired curves for the 45° and 67.5° stations indicate a 
catastrophic failure of the material. In both cases the curves end when the remaining 
thickness is 0.65 inch (1.65 cm). These final points on the curves correspond to the loca- 
tions of the innermost thermocouples in the material at these stations. The curves could 
be extended to zero if it were known that the heat- shield material was removed completely 
at these times. It is likely that this happened. At 95.5 seconds, the thermocouple on the 
bulkhead inside the model exceeded the range for which it was calibrated. (See fig. 15.) 
This was probably due to hot gases entering the model interior through a hole burned 
through the inconel skin of the nose cap. However, the failure of the heat- shield material 
cannot be related to the changing environmental conditions that were computed for a hemi- 
spherical nose shape. 


CONCLUDING REMARKS 

Avcoat 5026-39/HC-G was flight tested on the nose cap of a Pacemaker vehicle with 
temperature and ablation measurements obtained at four locations. From the present 
analysis it appears that the surface recessions at the three off- stagnation stations are due 
to a combination of aerodynamic shear and heating rate. Although many uncertainties are 
present in the analysis, the removal of the char layer by aerodynamic shear was believed 
to be the controlling mechanism for surface recession. 
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Apparently, a catastrophic failure of the heat- shield material occurred during the 
latter portion of the data period. However, this failure cannot be related to the changing 
environmental conditions that were computed for the hemispherical nose shape. 

Unequal absorption of the surface sealer into the porous heat-shield material modi- 
fied its behavior and introduced uncertainties in the analysis during the early portions of 
the data period. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., May 21, 1968, 

709-09-00-01-23. 
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APPENDIX 


SURFACE-SEALER EFFECTS 


The surface sealer applied to the porous ablator to prevent moisture absorption 
itself penetrated the ablator. The resin system of the sealer is identical with that of the 
ablator so that the effect of this sealer was to increase the virgin- material density and 
char yield. In order to determine the effects of the sealer it was necessary to know the 
amount of sealer that could be absorbed by the ablator. From liquid-water absorption 
tests it was determined that the weight of the ablator increased by a factor of 1.4 when 
saturated. On the assumption that the resin is absorbed in the same way as water, the 
following approximate analysis is presented. 


The total weight is 

W t = W vp + w H2 o 

(Al) 

Dividing by total volume gives 

W t ^V£ W H 2 0 

(A2) 


v t vt + Vt 

The weight of absorbed water is 

w h 2 o = p h 2 o v h 2 o 

(A3) 

so that the total density is 




V H,0 

P t = Pvp + PH 2 O^T" (A4) 


Since 

P t = l-4p vp Pn 2 O “ 2p vp 

it follows that 


Vh 2° 

!- 4 P V p = Pyp + 2p vp y t 
and the fractional volume of water is 

Vh <>0 

" no 


The density of the porous ablator with absorbed sealer is 

v h 2 o 

p vp,se p vp + y t p se 


(A5) 


(A6) 


(A7) 
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APPENDIX 


The density of the porous ablator is 32 lb/ft^ (512 kg/nr*), and if the sealer is assumed 
to be all resin, its density is approximately 76 lb/ft^ (1217.5 kg/m^). Therefore the 
density of the new virgin material is 

p cp,se = 47 ' 2 lb/ft3 (756.1 kg/m3) 
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TABLE I.- SEQUENCE OF TRAJECTORY EVENTS 



Time from 

Altitude 

Relative velocity 

Event 

launch, 

sec 

ft 

m 

ft/ sec 

m/sec 

First- stage ignition 

0.0 

0 

0 

0 

0 

First- stage burnout and 






drag separation 

5.0 

4 076 

1 242 

1 654 

504 

Second-stage ignition 

15.1 

16 928 

5 160 

1 074 

327 

Second- stage burnout 

18.9 

22 913 

6 984 

2 311 

704 

Apogee 

74.8 

76 045 

23 178 

625 

190 

Third- stage ignition 

76.8 

75 978 

23 158 

640 

195 

Third- stage burnout, fourth- 
stage ignition, and blast 






separation of third stage 

83.2 

72 198 

22 005 

5 742 

1 750 

Fourth- stage burnout 

85.1 

67 525 

20 581 

10 299 

3 139 

Model impact 

330.0 

0 

0 

60 to 32 

18 to 10 



TABLE H.- SENSOR DATA 


Sensor 

Sensor 

Time, 

1 Initial depth of sensor 

element 

sec 

| in. 

| cm 

Stagnation point 



Light-pipe 1 

1 

86.87 

0.100 

0.254 


2 

88.12 

.205 

.521 


3 

88.90 

.304 

.772 


4 

90.62 

.451 

1.146 

45° station 



Make -wire 7 

1 

86.98 

0.450 

1.143 


2 

87.45 

.500 

1.270 


3 

87.62 

.550 

1.397 


4 

87.79 

.600 

1.524 


5 

87.95 

.650 

1.651 


6 

87.96 

.700 

1.778 


7 

87.97 

.750 

1.905 


8 

87.98 

.800 

2.032 

Make-wire 8 

1 

84.90 

0.050 

0.127 


2 

85.68 

.100 

.254 


3 

86.00 

.150 

.381 


4 

85.86 

.200 

.508 


5 

86.20 

.250 

.635 


6 

86.67 

.300 

.762 


7 

86.84 

.350 

.889 


8 

87.00 

.400 

1.016 

Make-wire 10 

1 

84.28 

0.025 

0.064 


2 

85.11 

.075 

.191 


3 

85.73 

.125 

.318 


4 

86.05 

.175 

.444 


5 

86.06 

.225 

.571 


6 

86.38 

.275 

.698 


7 

86.54 

.325 

.825 


8 

86.55 

.375 

.952 

Make-wire 11 

1 

86.72 

0.450 

1.143 


2 

87.35 

.500 

1.271 


3 

87.82 

.550 

1.397 


4 

87.83 

.600 

1.524 


5 

88.02 

.650 

1.652 


6 

88.03 

.700 

1.779 


7 

88.04 

.750 

1.905 


8 

87.90 

.800 

2.033 

67.5° station 



Light-pipe 13 

1 

86.59 

0.145 

0.368 


2 

87.99 

.296 

.752 


3 

88.31 

.452 

1.148 


4 

88.48 

.604 

1.535 

Spring-wire 15 

1 

86.86 

0.172 

0.437 


2 

87.19 

.321 

.815 


3 

88.08 

.421 

1.069 


4 

88.99 

.624 

1.586 

Spring-wire 19 

1 

85.91 

0.072 

0.182 


TABLE HI.- THERMOCOUPLE DATA 


Thermocouple 

number 

Time thermocouple 
goes out, 
sec 



Initial depth of 
thermocouple 



cm 

22.5° station 

2 

87.34 

0.600 

1.52 

3 

87.53 

.650 

1.65 

5 

88.58 

.899 

2.28 

45° station 

6 

87.90 

0.749 

1.91 

9 

88.09 

.850 

2.16 

67.5° station 

12 

89.48 

0.653 

1.65 

14 

88.63 

.602 

1.52 

16 

88.30 

.650 

1.65 

17 

89.00 

.696 

1.78 

18 

88.84 

.850 

2.16 



to 

o 



Figure 1 .- Sketch of model, 





















Time, sec 


Figure 8.- Computed turbulent aerodynamic shears for stations on the hemispherical nose. 
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Figure 9.- Percentage of char yield (silica plus carbon) obtained from thermogravimetric analysis. Oven temperature rise, 22° K per minute 

helium atmosphere. 
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(a) Stagnation point. 
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(b) 45° station and 22.5° station. 



Ti m e , sec 

(c) 67.5° station. 
Figure 10.- Ablation data. 
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(a) Stagnation point. 



Time , sec 


(b) 45° station and 22.5° station; calculations are for 45° station. 



Time ,sec 


(c) 67.5° station. 

Figure 11.- Ablation data, oxidation-theory predictions, and stagnation-point ground correlation, 
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